Background: Dupuytren's disease (DD) is a nodular palmar fibromatosis that causes irreversible permanent contracture of fingers and results in the loss of hand function. Surgery still remains the only available solution for DD patients but cannot permanently cure the disease nor reduce high recurrence rates. With this rationale, we designed a study aimed at an improved understanding of the molecular mechanisms underlying DD. Our major focus was an analysis of the global gene expression profile and signalling pathways in DD cells with the aim of identifying novel biomarkers and/or therapeutic targets. Methods: Primary cells were cultured from surgically removed diseased and healthy tissue. Microarray expression analysis (HG-U133A array, Affymetrix) and qPCR was performed with total RNA isolated from primary DD cells. Mechanistic studies involving inhibition of p38 phosphorylation were performed on normal human fibroblasts' and primary DD cells' in vitro models. Expression of stem cell markers in primary fibroblasts/myofibroblasts was assessed as well. Results: We identified 3 p38MAPK signalling pathway regulatory genes, THBS1, GADD45α and NUAK1, all involved in cellular proliferation and production of the extracellular matrix proteins. Inhibition of the p38MAPK signalling pathway induced down-regulation of myofibroblast markers, α-smooth muscle actin and palladin. A stem-cell like subpopulation positive for CD90 marker was identified among primary DD cells. Conclusion: The study reveals involvement of the p38 MAPK pathway as a possible signalling cascade in the pathogenesis of Dupuytren's disease. Moreover, a particular stem cell-like CD90 + subpopulation was identified that might contribute to DD development.
Introduction
Fibrotic changes can affect all tissues [1] leading to an impairment of organ function and structure caused by excessive deposition of extracellular matrix (ECM) produced by activated �ibroblasts [2] . Dupuytren's disease (DD) is one of the most common �ibroproliferative disorders, characterized as a nodular palmar �ibromatosis that causes irreversible permanent contracture of �ingers and results in the loss of hand function [3] . Similar to other �ibrosis, the key molecular event that triggers the onset of disease is an aberrant proliferation of �ibroblasts and their differentiation into α-smooth muscle actin (α-SMA) producing myo�ibroblasts [4] . Accumulation of myo�ibroblasts and their persistence after wound healing are believed to be the major inducers of structural deformations associated with �ibrotic processes and �ibroproliferative disorders in general [5] [6] [7] [8] [9] . Determining the cause or the underlying pathogenesis of DD would bene�it the discovery of new treatment options. Indeed, surgical excisions are a gold treatment standard but are not a permanent solution, require a substantial patient effort during the post-operative period and end up with a high recurrence rate [10, 11] .
A number of studies indicate that growth factors control the cellular growth of mio�ibroblasts. The role of several so called �ibrogenic cytokines, i.e. FGF, IL-1, TGF-β and PDGF, has been proved in DD pathogenesis [12, 13] . Unlike several other �ibrotic conditions, the origin of myo�ibroblasts in Dupuytren's disease has not been established yet. Recent hypotheses on the mechanism of �ibrotic processes are speci�ically focused on the research of �ibroblast origin that points to multipotent cell lineage. Precursors that express hematopoietic stem cell features with a fugacious expression of myeloid markers give rise under favourable conditions to various progenitor cells including mesenchymal cells known as �ibrocytes [14] . Fibrocytes, as a circulating subpopulation of bone marrow derived cells, express the hematopoietic CD34 marker, have �ibroblast-like properties [15] and are able to acquire a contractile phenotype and differentiate into myo�ibroblasts [16, 17] . They are known to drive the onset of various �ibroses such as pulmonary, kidney and dermal �ibrosis [18] [19] [20] [21] [22] . The complexity of �ibroproliferative disorders like DD has been partly elucidated by a global approach using microarray analysis of gene expression of either primary DD cells or DD tissue samples [23] [24] [25] [26] . These studies identi�ied the expressional modulation of genes involved in cell proliferation/growth, apoptosis and lipid metabolism but failed to mechanistically validate the obtained results and propose novel biomarkers and/or therapeutic targets.
With still a great void in the insights of mechanistic hypotheses on disease progression, we focused on the global pro�iling of gene expression mechanisms in DD cells with the aim of identifying the key processes and signalling pathways underlying DD pathogenesis and the development of symptoms. The paper therefore presents the transcriptomic pro�iling results for primary DD cultures from affected vs. non-affected palmar fasciae. The results point to a role of speci�ic signalling pathways driven by the p38 kinase in DD cells that might account for disease progression that was validated on a representative number of DD samples.
Materials and Methods

Primary cell cultures
Clinical specimens were collected at the Clinical Hospital "University Hospital Centre Rijeka" in Croatia in strict compliance with the clinic's chief pathologist and the ethics committee for research involving human subjects, with the informed consent of all patients and in compliance with EU laws. The cells were isolated according to established protocols [27, 28] . Primary DD cells were obtained from affected palmar fascia localized in the palmodigital and digital area (D). Patient matched control cell samples were cultured from macroscopically unaffected fascia that was immediately adjacent to the disease tissue (ND). Tissue samples Treatment with TGF-β1 and inhibitor of p38 phosphorylation Normal skin �ibroblasts were treated with TGF-β1, prepared according to the manufacturer's recommendation (concentration: 3 ng/mL in serum-free medium) (R&D Systems), as a model for validation studies. The cells were deprived of serum for 24 hours prior to treatment that lasted from 2-96 hours. Gene expression was monitored by qPCR, and protein expression was analysed by Western blot and immunocytochemistry. In the same manner as with normal skin �ibroblasts, we treated primary ND cell cultures with TGF-β1 for 16 hours or co-incubated them with TGF-β1 and an inhibitor of p38 phosphorylation. The inhibitor is a commercially available competitive inhibitor of ATP binding SB203580 (Calbiochem). Stock solutions of SB203580 were prepared in DMSO and diluted in a serum-free medium to a concentration of 10 µM. Total RNA was isolated from the treated ND cell samples to detect the expression of �ibrotic genes, while protein lysates were used to ascertain the status of MK2 activation.
Western blot analysis
The cells were lysed in a buffer containing 50 mM Tris HCl (pH 8), 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, a protease inhibitor cocktail (Roche) and halt phosphatase inhibitor cocktails (Thermo Scienti�ic). A total of 35 µg of proteins were resolved on 9% SDS polyacrylamide gels using the Mini-protean cell (Bio-Rad), and analysis was performed by a previously established procedure [30] . The membranes were incubated with primary antibodies raised against palladin (1:700, antibody was a kind gift from Mikko Rönty, Department of Pathology, University of Helsinki, Finland), α-SMA (2 µg/ mL, α-smooth muscle actin, Sigma), phosphorylated p38 (1:1000, phospho-p38 (Thr180/Tyr182) mouse mAb, Cell Signaling), phosphorylated Akt (1:800, phospho-Akt (Ser473) rabbit mAb, Cell Signaling), and phosphorylated MAPKAPK-2 (1:1000, phospho-MAPKAPK-2) at 4 °C overnight. Secondary antibodies linked to anti-mouse (Dako, 1:1000) or anti-rabbit (Dako, 1:1300) horseradish peroxidase were used. The signal was visualized by Western Lightening Chemiluminescence Reagent Plus Kit (Perkin Elmer, USA) on the VersaDoc Imaging System 4000 (Bio-Rad). α-tubulin was used as a loading control (1:1000, Sigma). The signal intensities of particular bands were normalized with the intensity of the loading control and compared in Quantity One software (Bio-Rad, USA). The values are expressed as the average ± standard deviation. For statistical comparisons of the two groups, a paired, two-tailed Student's t-test was used. All of the relevant comparisons were considered to be signi�icantly different at p< 0.05. 
Immunocytochemistry
The cells were seeded (4 x 10 4 per well) in chamber slides (Lab-Tk II Chamber slide Nunc), washed with PBS, �ixed and permeabilized with cold methanol for 8 minutes at -20 °C. After �ixation and incubation with 7% goat blocking serum (Dako), the cells were incubated with primary antibodies raised against palladin (1:100), α-SMA (5 µg/mL), phosphorylated p38 (1:100) and phosphorylated Akt (1:70) overnight at +4 °C. Incubation followed with biotinylated secondary antibody (biotinylated anti-mouse IgG and biotinylated anti-rabbit IgG, Dako, dilution 1:500) and streptavidin/FITC conjugated tertiary antibody (Streptavidin/ FITC, Dako). For visualisation, the cells were incubated with propidium iodide for 5 min (50 ng/mL), and �ixed with 10% solution of glycerol in PBS. Fluorescence was detected using an OLYMPUS DP50 �luorescent microscope (magni�ication 400X).
Flow cytometry
Flow cytometric analysis was performed using 300.000 viable cells derived from a total of 9 DD patients. The cells were washed with staining buffer (PBS with 0.1% NaN 3 , 1% FSC and 2mM EDTA), incubated with anti-human HESCA-1 primary antibody (Millippore) for 15 min at room temperature, washed again and incubated with goat anti-mouse IgG APC-conjugated secondary antibody (Invitrogen) for 15 min at room temperature. Alternatively, cells were incubated directly with CD34 PE-Cy7-conjugated antibody (BD Pharmingen), CD117 PE-Cy5-conjugated antibody (PD Pharmingen) and CD90 FITC-conjugated antibody (BD Pharmingen) simultaneously for 15 min at room temperature. For intracellular staining, cells were washed and incubated with �ixation buffer (4% formaldehyde in PBS) for 30 min on ice, washed again with staining and permeabilization buffer (0.1% NaN 3 , 1% FSC, 0.1% saponine) and incubated with anti-human SMA PE-conjugated antibody (R&D Systems) for 30 min on ice. After incubation and washing, the cells were resuspended in staining buffer. Multiparametric analysis was performed by Becton Dickinson LSR II �low cytometer (BD Biosciences) acquiring 200,000 cells per sample. The data were analyzed with BD FACSDiva Software version 5.0.3 (BD Biosciences) and statistical differences were determined using a Student's twotailed, paired t-test. 
Results
Modulation of gene expression detects possible involvement of p38MAPK in pro�ibrotic processes
Transcriptomic analysis of primary DD cells by Affymetrix Whole genome platform revealed 18 differentially expressed genes between the D cells obtained from affected fasciae and the ND cells derived from the patient-matched unaffected fasciae ( Table 2) . Part of the results related to cytoskeleton changes in the DD cells that are not discussed here are presented elsewhere [31] . The expression patterns of ten genes were further validated by qPCR. In particular, up-regulation of genes coding for elastin (ELN), caldesmon 1 (CALD1), gremlin 2 (GREM2), growth arrest and DNA-damage-inducible beta (GADD45β), myelin basic protein (MBP), thrombospondin 1 (THBS1), myosin light chain kinase (MYLK) and NUAK family SNF1-like kinase 1 (NUAK1) was con�irmed, with a concomitant decline in the expression level of genes coding for �ibulin 1 (FBLN1) and actin binding LIM protein 1 (ABLIM1) ( Table 2 , Fig. 1 ). While over-expression of genes coding for proteins that have a dominant role in ECM regulation, like ELN, or that regulate actin dynamics, namely MYLK and 
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CALD1, is consistent with previous studies, over-expression of NUAK1, GADD45β and THBS1 was of particular interest. THBS1 is an ECM protein [32] that can activate latent TGF-β [33] , an already established important modulator of �ibroblast differentiation [34] [35] [36] initiating cell signals that enable mitogen activated protein kinases such as p38 [37, 38] . Over-expression of THBS1 accompanied with increased expression of GADD45β, a well-known regulator of p38 activity and consequently p38-regulated biology [39] [40] [41] , led us to further investigate the p38 role in �ibrogenesis on the in vitro models of normal skin �ibroblasts treated with TGF-β1 and primary DD cell cultures.
Activation status of p38 and Akt kinases during differentiation of normal skin �ibroblasts treated with TGF-β1
Based on microarray data that pointed to an important involvement of p38 MAP kinase pathway in the �ibrogenic processes, we established an in vitro model of normal skin �ibroblasts treated with TGF-β1. This model allowed us to monitor the activation status of p38 during the differentiation process of �ibroblasts to myo�ibroblasts. The differentiation status was determined through the expression of well-established myo�ibroblast markers, α-SMA and palladin. A marked increase in the palladin and α-SMA expression was detected 6 and 48 hours upon treatment with TGF-β1, respectively (Fig. 2) . Activation of p38 kinase was consistent with the expression dynamics of palladin. P38 (Fig. 2) kinase was phosphorylated after 6 hours of treatment, indicating that its activation occurs at the beginning of differentiation. The expression patterns of 10 con�irmed genes during differentiation were also examined. Quantitative PCR analysis annotated that TGF-β treatment caused a 10 fold increase in the Fig. 3 . In�luence of TGF-β1 treatment of normal skin �ibroblasts on the expression of 10 microarray con�irmed genes after 2 hours (A) and 6 hours (B). Genes GADD45β and NUAK1 had the highest increase in expression after 2 and 6 hours of treatment. Statistically signi�icant changes (fold change = 2, p<0.05) are marked with an asterisk (*). (Fig. 3A) , followed by a large increase after 6 hours of treatment as well (Fig. 3B) . Since NUAK1 codes for a kinase that is directly activated by Akt kinase [42, 43] , we decided to examine the phosphorylation status of Akt during differentiation. The results reveal that Akt is phosphorylated after 6 hours of treatment (Fig. 2) . The detected changes in myo�ibroblast markers expression and kinase activation were also con�irmed by immunocytochemistry (Fig. 4) , which additionally revealed that phosphorylated p38 had a nuclear localisation (Fig. 4E) . The �ibrotic in vitro model con�irmed the importance of p38 and Akt kinases during the differentiation changes. Therefore, the next experimental step of our research was the examination of the identi�ied �ibrogenic pro�ile in primary DD �ibroblasts.
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Phosphorylation status of p38 kinase in primary cell cultures and the in�luence of its inhibition on the activation status of Akt kinase and the expression of myo�ibroblast markers
We set out to determine if cells cultured from affected fascia (D) have an increased level of activated p38 and Akt kinases compared with cells cultured from healthy tissue samples (ND). We observed higher phosphorylation levels of p38 and Akt kinases in the D (Fig. 5) . The myo�ibroblast markers, α-SMA and palladin, were over-expressed in the D cells as well (Fig. 5) . Immunocytochemistry additionally proved these changes both in (D) and (ND) cells (Fig. 6) . A prominent nuclear localisation of phosphorylated p38 was observed in the D cells. Taken together, these results speak in favour of the substantial role of the p38 kinase in pro-�ibrogenic changes of DD cells. This result was mechanistically con�irmed by use of a speci�ic inhibitor of p38 kinase phosphorylation. The inhibitor SB20358 ef�iciently inhibited the activation of p38 kinase, which resulted in diminished activation of Akt kinase along with lowered expression of α-SMA and palladin (Fig.  5) . Additionally, the SB203580 inhibitor decreased the expression of important �ibrogenic genes, including THBS1, �ibronectin (FN and FN-a) and collagen 1a (COL1A) (Fig. 7) . The results, along with previously published data, prompted us to propose that a combination of cytokines intertwined with the activation of powerful p38 MAPK signalling cascades plays an important role in the onset of DD. Inhibition of p38 readily diminished the activation of Akt kinase, myo�ibroblasts markers, as well as down-regulates the expression of genes involved in �ibroproliferative changes. 
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Speci�ic subpopulation of CD90 + mesenchymal stem cells in the palmar region of DD patients might account for �ibrosis
Microarray data revealed the over-expression of bone morphogenetic protein antagonist GREM2, known to inhibit differentiation and promote the self-renewal of stem cells in some stem-cell niches [44] , and myelin basic protein (MBP), whose related transcripts are found in CD34 + bone marrow cells [45] . These results speak in favour of the stem cell like characteristics of DD myo�ibroblasts and prompted us to further analyses of stem cell markers.
Several studies showed that a substantial population of the tissue �ibroblasts recruited to the site of injury are derived from the hematopoietic component of marrow [18, 46] . We therefore analysed the expression levels of typical mesenchymal stem cell markers of primary D and ND cells (Table 3) . A lower percent of D cells (14%) than ND cells (23%) were positive for the CD34 marker. The opposite trend was noticed with the CD117 marker, where D cells expressed 2 percent more CD117 than ND cells. Surprisingly, about 1% of cell populations were positive for the highly speci�ic stem cell marker HESCA-1. Among the tested cells, the speci�ic stem cell-like CD90 + subpopulation contained a statistically higher percentage of CD34, CD117 and HESCA-1 markers compared with CD90 -cells. Altogether, the results revealed the presence of a speci�ic subpopulation of cells derived from bone marrow in the affected palmar fascia of DD patients that might be important for �ibrotic processes in general.
Discussion
Fibroproliferative diseases emerge from complex cellular events that lead to an accumulation of �ibroblasts and an augmented deposition of the ECM proteins. A large amount of research over the last thirty years [1, 47] indicate that �ibrotic disorders often share common mechanisms and have a severely detrimental affect on human health. Although �ibrotic tissue remodelling can be associated with neo-angiogenesis, which is of particular importance for cancer development [48] , there is still no adequate treatment that directly targets the speci�ic mechanisms of �ibrotic processes.
DD is a common type of �ibrosis affecting hand functions. Recent reports indicate that approximately 25 % of men over the age of 60 who are of North European origin are affected by this disease [49] , which stresses the growing need to �ind a non-surgical solution that will stop the proliferating process that causes a high recurrence rate.
A number of studies have con�irmed the activation of �ibroblasts by TGF-β and other cytokines to be the major mechanism driving �ibrotic processes in DD and other �ibroses [35] . Transcriptomic studies of DD have reported on speci�ic gene expression patterns that might be correlated with molecular events characteristic of DD [23] [24] [25] [26] or even with other �ibrotic disorders such as liver �ibrosis [50] . Our transcriptomics results revealed an over-expression of genes that code for important signalling proteins associated with the activation of TGF-β, abundantly expressed in DD [12, 51] , and the consequent ECM protein expression driven by p38 and Akt phosphorylation, namely THBS1, GADD45β and NUAK1 genes. Additionally, like previous studies, we found similar expression patterns of the ECM and myosin regulatory genes [25, 31] . Our previously published proteomics results proved the pro�ibrogenic role of the phosphatidylinositol 3-kinase (PI3K)-Akt c-Jun N-terminal kinase signalling pathway in the onset of DD [30] . Direct interaction between Akt and NUAK1 protein, coded by the gene that was over-expressed in primary D cells, may lead to impaired apoptosis as NUAK1 inhibits caspase 8 and stimulates cell proliferation [42, 43, 52] . Finally, GADD45β, a well-known regulator of the TGF-β -induced p38 activation [39, 40] , is the primary TGF-β-responsive gene in normal human mammary epithelial cells that can mediate G 2 /M progression and apoptosis [40, 41] .
These three newly identi�ied up-regulated genes, namely THBS1, GADD45β and NUAK1, induce activation of p38 and Akt kinases and have important roles during proliferation and differentiation of �ibroblasts into myo�ibroblasts. Activated p38 and Akt kinases have numerous possible downstream targets driving the cell proliferation and the ECM deposition [53] [54] [55] [56] and the importance of the p38 MAP kinase signalling pathway has been con�irmed in other �ibrotic diseases [57] [58] [59] [60] [61] [62] . Similarly to our results, a recent study of molecular mechanisms of the DD pathogenesis has shown a connection between increased expression of TGF-β and the activation of another MAP kinase ERK 1/2, [63] . Moreover, we observed nuclear localization of p-p38, showing that activated p38 translocates to the nucleus of DD �ibroblasts, which is in accordance with previous research [64, 65] , where it can activate diverse targets in the cell, e.g. it may interact with transcriptional factors regulating the expression of α-SMA and ECM proteins [55] . Indeed, higher levels of phosphorylated p38 and Akt kinases along with typical myo�ibroblast markers were found in primary D cells than in ND cells, which is in agreement with our previously published data [27] . Moreover, we propose that the receptor tyrosine kinase, CD117, that we found to be over-expressed in D cells, may contribute to cell proliferation in DD as well. This receptor is linked with the activation of mitogen activated kinase and PI-3 kinase pathways resulting in proliferation and antiapoptotic signalling [66] . Abolishment of these processes driven by activation of p38 and Akt kinases was successfully obtained upon treatment of DD cells with the SB203580 inhibitor of p38 phosphorylation, which is in accordance with similar studies [67] . Additionally, co-treatment of ND cells with TGF-β and the SB203580 inhibitor induced pronounced down-regulation of several �ibrotic genes (THBS1, �ibronectin genes and COL1A1).
The microarray results showing over-expression of GREM2 and MBP genes prompted us to investigate stem cell features of DD cells and their possible origin. We examined the expression of hematopoietic stem cell marker CD34, CD117, CD90 and HESCA-1 in primary DD cell cultures. As expected, we detected a lower expression of CD34 + and CD90 + markers in D cells than in ND samples. Since CD34
+ �ibroblasts, present in many organs [68] , are thought to represent uncommitted cells capable of multidirectional mesenchymal differentiation, [69] during which expression of CD34 is reduced. Thus it might be hypothesized that the loss of CD34 might be in correlation with an accentuated terminal differentiation of cells into myo�ibroblasts, which is typical of DD pathogenesis. Similarly, CD90 is a marker known to be involved in various biological processes, such as migration, the formation of actin stress bundles and the differentiation of cells into myo�ibroblasts. In particular, CD90-induced expression in a �ibroblast population has been associated with wound healing and �ibrosis. Its lower expression in D cells additionally supports the evidence of accentuated myo�ibroblast phenotype of D cells. Bayat and co-workers [70, 71] report similar results. They also detected CD34 and CD90 positive cell populations in cells isolated from the cord and nodule of DD patients. These reports differ from our results in that the total percentage of CD34 and CD90 positive cell populations was lower in affected DD tissues in their results than in our results. While we narrowed our analysis to cells isolated directly from the affected palmodigital fascia tissue of DD patients, Bayat and co-workers analysed heterogeneous histological layers and consequently diverse cell types. [72] . The identi�ied stem cell markers point to a possible mesenchymal origin of cells involved in the DD pathogenesis. This assumption was further corroborated by the detection of HESCA-1 in 1% of analyzed cells, which is one of the markers for bone-marrow derived cells. It is therefore plausible to assume that the proliferation/differentiation potential of cells in DD patients relates to a speci�ic subpopulation of CD90 + cells in palmar fascia expressing a panel of stem-cell related markers (CD34, CD117 and HESCA-1) at a higher rate than the CD90 -cells. In conclusion, our study reveals a speci�ic gene-expression pattern for cells isolated from affected DD fascia that is not found in cells isolated from patient-matched unaffected fascia and that account for a higher proliferation/differentiation potential of cells involved in the development of DD symptoms. The over-expression of �ibrotic-related genes ELN, THBS1, GREM2, MBP, MYLK, NUAK1, CALD1 and GADD45β as well as the presence of particular membrane receptors in primary DD cells (CD90 + , CD34, CD117 and HESCA-1) might be important molecular players in the onset of DD. In particular, mechanistic analyses of the results revealed the role of the p38 MAPK pathway in the phenotype changes underlying the differentiation of DD �ibroblasts.
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